Drivers behind food security and crop protection issues are discussed in relation to food losses caused by pests. Pests globally consume food estimated to feed an additional one billion people. Key drivers include rapid human population increase, climate change, loss of beneficial on-farm biodiversity, reduction in per capita cropped land, water shortages, and EU pesticide withdrawals under policies relating to 91/414 EEC. IPM (Integrated Pest Management) will be compulsory for all EU agriculture by 2014 and is also being widely adopted globally. IPM offers a 'toolbox' of complementary crop-and region-specific crop protection solutions to address these rising pressures. IPM aims for more sustainable solutions by using complementary technologies. The applied research challenge now is to reduce selection pressure on single solution strategies, by creating additive/synergistic interactions between IPM components. IPM is compatible with organic, conventional, and GM cropping systems and is flexible, allowing regional finetuning. It reduces pests below economic thresholds utilizing key 'ecological services', particularly biocontrol. A recent global review demonstrates that IPM can reduce pesticide use and increase yields of most of the major crops studied. Landscape scale 'ecological engineering', together with genetic improvement of new crop varieties, will enhance the durability of pest-resistant cultivars (conventional and GM). IPM will also promote compatibility with semiochemicals, biopesticides, precision pest monitoring tools, and rapid diagnostics. These combined strategies are urgently needed and are best achieved via multidisciplinary research, including complex spatio-temporal modelling at farm and landscape scales. Integrative and synergistic use of existing and new IPM technologies will help meet future food production needs more sustainably in developed and developing countries, in an era of reduced pesticide availability. Current IPM research gaps are identified and discussed.
Introduction
Humans have been farming for about 600 generations, with rapid changes in intensification occurring over the last two to three generations (Pretty, 2009 ). Food security is rapidly rising up the global agenda due to 1 volatile commodity markets and more frequent and extreme climatic disruptions. These extreme weather events include droughts and floods affecting terrestrial biota in natural and managed ecosystems at multiple trophic levels (Parmesan et al., 2000) . We live in an era of unprecedented human population growth, whilst concurrently facing global threats (Tilman et al., 2001 ) from climate change, economic uncertainties, rising energy costs, and tougher crop protection regulations (e.g. 41/4114/EEC and 2009/128/EC). The United Nations predicts that there will be more than 4 billion people living under water scarcity by 2050, up from 0.5 billion in 1995. In addition, global per capita cropland is less than half of the 1961 availability. More than 900 million people are now classified as hungry or malnourished. Global food production is claimed to be adequate by the FAO. They blame food insecurity on lack of available land for poorer farmers, inadequate food distribution, unemployment or low incomes (worsened by the severe global economic crisis), and the excessive costs of domestic staples as the main factors driving hunger in developing countries (FAO, 2002 (FAO, , 2009 . The global population is set to increase to around 9.1 billion by 2050 (Engleman, 2009) , with the per capita consumption increasing in several developing countries, including China and India. The fact that hunger was increasing even before the current food and economic crisis suggests that present solutions to food production and malnutrition are insufficient.
Intensive agriculture in developed countries raises a further set of issues. For example, recent EU reviews of pesticides have led to policies which have caused the withdrawal of over 60% of active substances from the European market, with both major and minor crops being affected. The changes to 91/414/EEC in 2010, based on hazard estimates rather than risk assessment of human health and environmental impacts, will further reduce pesticides available to the UK and other EU member states. In addition, tightened Maximum Residue Limits (MRL) legislation and new Sustainable Use of Pesticides and Water Framework Directives will further limit the use of the remaining pesticides, particularly herbicides. These trends present a huge challenge to many sustainability issues, not least to food production, particularly when weeds, pests, and diseases cause major crop losses despite costly agricultural inputs (pesticides, fertilizers, fossil-derived energy). A recent survey (Eurostat, 2007) demonstrated that, despite having only 8% of the world's agricultural area, the EU is the world's largest producer, user, and exporter of pesticides. In 2007, the global crop pesticides market was $33.19 billion, of which EU member states alone accounted for $10.42 billion (31% of the global pesticide market).
Despite costly and increasing inputs of pesticides (insecticides, fungicides, herbicides), current figures for global crop losses still show that pests, diseases, and weeds are reducing food availability and security considerably. For example, global crop losses due to pests are reported in the order of 26-29% for soybean, wheat, and cotton, while losses for maize, rice, and potatoes are in the order of 31%, 37%, and 40%, respectively. In cotton under severe pest attack, losses can be as high as 80% (Oerke, 2006) . Despite a clear increase in pesticide use over the last 40 years (a 7-fold increase in pesticide tonnage used; Tilman et al., 2001) , crop losses due to pests have not decreased significantly during the same period. At the same time, global human populations have increased by approximately 2.6-fold. To put crop losses due to insect pests into a human perspective, it is estimated that the amount of food that insects consume (pre-and post-harvest) is sufficient to feed more than 1 billion people. By 2050 it is thought that there will be an extra 3 billion people to feed. During this timescale it is likely that insects will increase in numbers and in pest types. These pests are likely to have less predictable behaviours and migratory range, due to more variable climate change factors. These predicted pest increases are supported by insect fossil records during historical periods of rapid climate change and by recent trends (Currano, 2009; Gregory et al., 2009; Lu et al., 2010) .
Can IPM research help in another 'green revolution', using 'ecological engineering' approaches?
Several options are discussed in terms of increasing food production and agricultural sustainability using 'ecological services' (ES). Most ES combinations involve 'trade-offs' (Pilgrim et al., 2010) : for example, we could expand cultivation into new lands, but then risk further loss of biodiversity and associated ES, valued at around $33 trillion/year (Costanza et al., 1997) . Of this figure, beneficial insects provide key pollination services to crops and biocontrol of pest species, with these ES valued by Costanza's study at $117310 9 and $417310 9 per year, respectively. The challenge, therefore, is to reduce crop losses due to pest species whilst still conserving key beneficial species providing ES. Therefore, species-selective measures are needed, tailored to specific agro-ecosystems, within a policy-driven framework of reducing pesticide usage and adverse impacts.
Biological control has been practised for many centuries, particularly in poorer and warmer countries which have serious pest problems but which generally cannot afford expensive pesticide inputs. Modern research on the development and integration of several combined pest control measures (IPM) can be traced back to 1959 at the University of California. A seminal paper was published by Stern et al. (1959) on the integration of chemical and biological control of the spotted alfalfa aphid. In this study, they defined now widely used IPM terms including 'economic thresholds', 'economic injury levels', and 'general equilibrium levels'. These ideas later evolved to include concepts of IPM blending and harmonizing several multifaceted approaches. These included breeding for durable pest resistance and the use of semiochemicals (particularly insect attractants and repellents) and combined ecological strategies like 'push-pull' and companion cropping to manage pests, diseases, and weeds (Khan et al., 2010; Pickett et al., 2010) .
The current aim is to combine these 'IPM tools' in an organized way and to optimize them in 'IPM toolbox' packages for specific agro-ecosystems. For this, a detailed understanding is needed of 'systems level' ecology, focused on agricultural food webs. This agro-ecosystem approach involves knowledge of soil organisms, crop and non-crop plants, multiple herbivores, several guilds of natural enemies (e.g. predators and parasitoids) and sometimes superparasites at higher trophic levels. It is predicted from co-evolutionary theory (Fagan et al., 2009 ) that additive or synergistic interactions between IPM tools can increase the durability of individual IPM components (e.g. recent technologies including pest-resistance genes and more targeted pesticides) and thus make the whole IPM package more sustainable, both environmentally and economically. The main scientific challenge is to learn how best to apply fundamental ecological knowledge to crop protection at the field, farm, and landscape scales.
Scientists are currently designing and testing farmerfriendly 'IPM packages' which work together at the farm scale to reduce pesticide inputs (particularly those targeted under policy 91/414 EEC). A closely related aim is to reduce selection pressure on any one part of the system. For example, the risk of development of pest populations with resistance to pesticides or with the ability of pests to overcome host plant resistance genes in crops could be reduced considerably by using multiple tactics within a welldesigned IPM programme. Does IPM really work at the farm level in varying climatic conditions and in broader crop production? In a recent survey of 62 international IPM projects covering 26 countries and 25.5 million ha of crops including rice, maize, wheat, sorghum, vegetables, potato, cotton, and legumes, over 60% of the projects resulted in reduced pesticide inputs and increased yield. On average, yields increased by 40% and pesticides were reduced by 60% (Pretty, 2005) , indicating a broad potential for IPM globally.
IPM research: understanding underpinning agro-ecology using case studies to inform on system interactions Plant breeding for pest and disease resistance in IPM The use of pest-resistant crop cultivars is a key foundation of a durable IPM programme. At JHI, together with MRS Ltd and other plant breeding groups, soft fruit, cereals, and potatoes have been developed with genetic resistance to key pests and pathogens including raspberry aphids, potato blight, and barley yellow mosaic virus. New biotechnologies including marker-assisted selection (MAS) methods, Quantitative Trait Loci (QTL) analysis of complex genetic traits, and improved plant transformation methods are helping to speed up the process of getting new pest-resistant crops on to the global market. For many crops this typically still takes more than 10 years, so longterm planning and funding security is required.
Co-evolutionary battles between pests and plant resistance genes: a UK soft fruit case study
The reliance just on pest-or disease-resistant crops, with typically one or few major resistance genes in their genetic background, inevitably produces strong selection pressure and crop protection failure. Pests including many aphids, which have both sexual and asexual reproductive strategies in a single growing season, provide a formidable challenge to the use of pest-resistant cultivars, because they can rapidly evolve counter-adapting virulent biotypes against single crop protection strategies. This is well demonstrated by long-term research and plant breeding for raspberry aphid resistance in the UK at JHI and East Malling Research and in the USA Daubeny, 1980; Sargent et al., 2007; Birch and Begg, 2010) . Virulent biotypes of the large raspberry aphid, Amphorophora idaei (Bö rner), overcame the first aphid resistance gene in about 40 years of commercial use, but have overcome a replacement aphid resistance (R) gene in less than 10 years of cultivation ( Fig. 1 ). There is a strategic 'tipping point' for such pests, where they can now overcome single control measures (e.g. R genes or pesticides) in a shorter time than scientists can develop new pest control solutions for crops including lettuce, melon, sorghum, and wheat (Dogimont et al., 2010) . This co-evolutionary process speeds up considerably in environments where temperature, humidity, carbon dioxide, and shelter all favour pests with rapid, asexual reproductive strategies (e.g. aphids attacking crops in protected cultivation under glass or plastic). For example, growing high-value crops like raspberry under plastic tunnels has increased the window of pest attack from 2-3 months (open field plantations) up to 10-11 months (polytunnel cultivation) for the main virus vector aphid, Amphorophora idaei. This change in crop management within polytunnels has also provided a more suitable micro-climate for two additional aphid pest species, Aphis idaei van der Goot (small raspberry aphid) and Macrosiphon euphorbiae Thomas (potato aphid) to thrive over an extended cropping season. Prior to protected cropping, these two aphid pest species were minor pests of raspberry, but have surged with changing crop management including extended growing seasons and 'green bridges'. Compared with aphid infestations in open field plantations of the same crop varieties, there are now twice as many large and small raspberry aphids (important virus vectors) and 25 times more potato aphids (potential virus vector) attacking protected raspberry crops in polytunnels (Birch and Begg, 2010) than under the previous crop management system. This indicates that changing climate and crop management are interacting to make some pest problems dramatically more serious than 10 years ago. This increasing pest threat is occurring just when key pesticides are being withdrawn under EU (91/414/EEC, 2009/128/EC and related Directives) and global crop protection regulations and when pestresistance genes are breaking down under the intense selection pressure caused by extended cropping and climate change. On the positive side, under protected cultivation (e.g. in plastic tunnels and in greenhouses) certain key predators including spiders and hoverflies are greatly enhanced (a 2-6-fold increase for different natural enemy groups found on raspberry) compared with the open field plantations. This opens up new research and commercial opportunities for biocontrol as an IPM tool for soft fruit and other high-value protected crops where the cost:benefit ratio readily supports investment in IPM programmes (Birch, 2008; Birch and Begg, 2010) . These studies also demonstrate how small changes in climatic conditions which are accumulated over an extended growing season can have a large effect on the complex interactions in Fig. 1 . Effect of selection pressure on virulent raspberry aphid biotypes (green sector) when a single control measure (a single, major gene resistance) is used in a raspberry monoculture system (Birch et al., , 2004 .
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Use of semiochemicals in IPM: an EU soft fruit case study UK and EU collaborative research groups have developed novel, multi-disciplinary approaches involving entomologists, phytochemists, and biophysicists to identify novel pest attractants and repellents. For example, scientists are using fundamental chemical ecology knowledge to develop and commercialize the first precision monitoring trap for raspberry beetle, in collaboration with grower consortia, specialist crop protection and IPM companies, and major supermarket chains. Multi-disciplinary studies of flower volatile chemistry (Robertson et al., 1994) , chemical ecology, insect behaviour, and insect antennal electrophysiology provide a way of using 'biomimicry' to fool the specialist pest into a trap that represents a giant host flower in terms of key host recognition signals (colour and smell) for this pest. This trap is now being successfully used for precision monitoring on farms in the UK, Norway, Sweden, and France to reduce the application of selective insecticides to pest 'hot spots' in plantations, based on weekly catch thresholds (Birch et al., 2004) . In concurrent on-farm trials this IPM approach, using raspberry beetle traps as monitoring tools, gave similar levels of crop protection as the farmers' standard practice, using currently recommended synthetic insecticides (Birch and Begg, 2010) . The same type of precision monitoring approach is now being developed for other types of pests in the UK and across the EU and Scandinavia under a new wave of IPM-related funding to address the EU 'pesticide gap'. Herbivore-induced plant volatiles (HIPVs) are also now being tested to manipulate the behaviour of both pests and their natural enemies (Orre et al., 2009) , although it may be difficult to use these without disrupting complex trophic interactions important in conservation biocontrol which rely on finely balanced volatile signals (Jonsson et al., 2008) .
Optimizing agricultural food webs for biocontrol in IPM: annual and perennial crop case studies in the UK Long-term studies on agro-ecosystems and their rotations are now considered a priority, focusing on both perennial and annual systems. Hawes et al. (2009) used data from the GM crop Farm Scale Evaluations in the UK to demonstrate that, in the arable (annual) systems studied, there was strong evidence of 'top down' control on herbivores by generalist predators and more specialist parasitoids. They also found strong evidence of a 'bottom up' effect of weeds and crops as hosts for herbivorous invertebrates. This combined 'top down' and 'bottom up' regulatory effect on pest insect populations is also found in results obtained from ongoing experiments comparing food webs in perennial agro-ecosystems using field-grown versus protected raspberries in polytunnels (Birch and Begg, 2010) . Raspberries provide a unique UK example of a crop plant conventionally bred to contain several types of genetic resistance to pest aphids and provide a good research system for studying the effects of selection pressure on R gene durability. In long-term on-station and on-farm studies, several aphid resistance genes provide a strong 'bottom up' effect on aphid populations, complemented by 'top down' effects of several key natural enemies (biocontrol agents) including spiders, hoverflies, and entomopathogenic fungi. These biocontrol agents can operate in a 'top down' manner much more effectively in the protected crop (polytunnels) than in the open field, thus helping to offset the large increase in three different aphid species under this warmer, season-long microclimate. Thus additive interactions on agricultural food webs can be seen between longer term climate change trends (e.g. milder winters) and more rapidly changing crop management practices (e.g. green bridges for pests and diseases in protected crops). These factors now combine to create increased pest pressures in the UK and the EU, comparable with pest pressures in more southerly or tropical regions with milder and more humid climates.
Compatibility of IPM with biotechnology: biosafety issues
The potential contribution of GM cropping to IPM has been examined mainly for herbicide tolerance and insect resistance, but the issues debated have implications for IPM in general and could be extended to any major change or introduction of new technologies to cropping practice. Among the main issues are the choice of comparator in any experiment or assessment and then the quantification of that comparator, especially in terms of its background variation over time and the 'ecological context' of new technologies within the upper and lower limits of effect caused by existing agronomic and climatic factors Birch et al., 2007) . Examples to date have mostly used a small set of indicators, a comparator that is generally analogous to that used in assessments of food safety, i.e. familiar, with a history of safe usage (EFSA, 2006) and timescales of one to a few years. However, there are potentially serious problems with this approach to the assessment of the risk of GM cropping and hence its suitability as a component of IPM Birch et al., 2007) .
Taking the example of the UK's GM crop trials, still the most highly replicated in the world, the primary question was whether weed management using herbicide-tolerant GM crops had different effects on the biodiversity of fields than current conventional practice (Firbank et al., 2003; Squire et al., 2003) . Because of immediate concerns for farmland biodiversity, the experiment was tightly focused on in-field plants and invertebrates and did not cover other potential impacts, for example, on element cycles or pesticide losses from the fields. Neither did it consider the yield of the crops and hence it was unable to examine tradeoffs between the economic and environmental consequences of the technology. Admittedly, considerable extra cost would have been incurred in these trials if these extra indicators had been measured. The comparator was conventional weed management as practised in commercial agriculture , but while this comparator might be 'familiar' to farming, its history of safe usage is arguable. For the crops of beet and oilseed rape in the study, the outcomes of the ERA (Environmental Risk Assessment), supported by other work in Europe, were that arable biodiversity was in danger of being further depleted if GM herbicide-tolerant crops were commercialized .
On the other hand, the emerging conclusions for insectresistant Bt maize in Europe Cortet et al., 2007; Griffiths et al., 2007) are more favourable to this GM trait type and included little or no long-term negative impact on biodiversity, reduced pesticide usage in most regions (partially dependent on pest pressure), and limited spread and transfer of impurity to other crops (Messean et al., 2009) .
More generally, the arguments for a comprehensive approach to ERA are more compelling. First, the range of ecological processes and indicators should be broader and the assessments should not be confined only to negative effects. As for any other technology, there may be ways to mitigate a negative if positives are demonstrable and have significant benefits over current practices (May et al., 2005) . Broadening ERAs should consider an economic appraisal (cost:benefit) and the inclusion of indicators for biogeochemical cycles and potentially diffuse pollutants affecting landscapes (Tank et al., 2010) . Any indirect effect on them-for example, if the amount of nitrogen fertilizer were increased, or pesticide usage changed due to secondary pest outbreaks (Lu et al., 2010) -would probably far outweigh, in terms of whole-system impacts such as carbon footprint (Hillier et al., 2009) , any direct effect of a GM crop on biodiversity. Inversely, the mitigation of any negative effects would be worth pursuing if any reduction in the use or wastage of pesticides, N or P were found.
Second, the comparator may have to be different from the familiar product with a history of safe usage. Since many aspects of current cropping practice have negative effects on ecological processes, such as the ability of the soil to carry out essential functions, typical current practice may not be the most appropriate for environmental risk assessment. Therefore, comparators might include a range of practices, or even a possible optimal or target ecological state that should be aimed for. This argument may be extended to a 'system-first approach' as proposed by the SIGMEA project on GM coexistence and ecological risk carried out by many partners in Europe (Messean et al., 2009) . Here, the range of conditions under which the system might vary without long-term harm should be determined by reference to a broad set of indicators. The question would be 'what crop types and cropping practice does the system need to get it to such a state and keep it there' rather than 'what is the effect of this or that innovation' (Squire et al., 2010) . The SIGMEA project concluded; 'standards and criteria for environmentally resilient cropping systems are needed against which GM cropping and its non-GM comparator can be assessed. Setting such environmental standards is now an absolute priority.' Moreover, trade-offs in key 'ecological services' (ES) need to be carefully monitored so that gains in one ES are not lost by the reduction of another ES (Pilgrim et al., 2010) .
Third, the scales of time and space over which the assessments are made needs careful consideration (BEETLE report, 2009 ). Responses by indicators to a GM plant may be different, even in direction, between laboratory, greenhouse, and field (Birch, 2008) . Effects on biodiversity may differ from averages among fields to cumulative values in the landscape . No amount of testing in laboratory-controlled conditions can mimic the complexity of the field and the changing environment over multiple seasons.
A pragmatic way forward may be to assess the existing range, variation and trends in indicators as a context into which the new technology is introduced, for example, an existing IPM programme. The question can then be asked, how great an effect would the innovation have to have on the system for it to be noticed above the background 'noise'? An example of a move towards this approach is an assessment of the paired time series of percentage crop and weed cover in the UK's GM crop trials referred to earlier.
The time series of crop cover in oilseed rape grouped into different profiles, or shapes, that were largely independent of the season of sowing or the weed management. The weed cover was more strongly influenced by the crop cover time series than the GM treatments. Here, the main determinants of weed cover (and therefore weed biodiversity) were the, albeit unidentified, factors of the site and weather; the signal of the GM treatment was detectable but small and specific compared to the noise (Debeljak et al., 2011) .
Dealing with heterogeneity in IPM
Heterogeneity is a fundamental property of ecological systems and remains so in an agricultural setting. The spatial and temporal pattern of cultural practices and pesticide treatments of crops adds heterogeneity to the habitat mosaic experienced by pest organisms (weeds, insects, and microbial pathogens) as does variation in the suitability and resistance of hosts. The movement or dispersal of pests across this mosaic is the rule rather than the exception, so that understanding and working with this heterogeneity is essential for the regulation of pest populations and a growing part of IPM research.
Defining the functional biological unit
Identifying the scale or scales at which heterogeneity is most influential is an important aspect of this work . A reasonable starting place to achieve this is the characterization of the spatial distribution of pest populations, the patchiness of which often follows from processes relevant to their regulation and control (Rahman et al., 2011) . Defining the correct scale relies not least on the Food Security | 3255 identification of the most appropriate functionally distinct unit. Species will continue to provide a useful first approximation, but recent work has shown that several species may be functionally equivalent ) while intra-specific biotypes exist for a wide range of pest species. The management of pest biotypes is an essential goal of IPM strategies where pest biotypes have differential resistance to (ability to overcome) current control strategies . However, the importance of intraspecific pest variants (biotypes) is unlikely to be limited to cases of differential resistance but will extend to those of more general ecological significance. As an example, weed species can possess considerable intra-specific functional variation including differences in lifehistory strategy (Iannetta et al., 2007; Toorop et al., 2008) , and interactions with insects and pathogens (Iannetta et al., 2010; Karley et al., 2008) that are associated with spatially segregating, genotypically distinct populations. Recognizing such ecotypic variation and the population structure that underlies it is essential for the effective and targeted deployment of IPM strategies.
Reinstating diversity in the crop
The 'controlled environment' nature of intensive agriculture sees the widespread deployment of a few crop species and varieties (typically as monocultures) designed for optimal performance under a narrow range of conditions, together with the loss of non-cropped habitats such as woodlands, wetlands, and hedgerows, so that there has been a reduction in diversity and habitat complexity (Benton et al., 2003) . The refinement and simplification of intensive agricultural systems has led to instability that requires constant intervention to maintain productivity. It has been anticipated that reintroducing habitat diversity and complexity will return agro-ecosystems to a position of ecological balance and reverse the adverse effects of intensive agriculture (Nicholls and Altieri, 2004) .
Increasing crop diversity at the field scale, through the use of varietal and species mixtures, can suppress pests while also increasing yield, quality, productivity, and stability Vandermeer, 1989) . Careful design of crop variety mixtures accounting for G3E effects is important to ensure combinations of traits that provide the complementarity and facilitation underlying these benefits . The effectiveness of variety mixtures is also sensitive to the scale at which components are deployed (i.e. the area below which crop genotypes are not mixed), although the nature of this response appears variable with many studies, showing a benefit from deployment at smaller scales but others being more effective when deployed at larger scales ). These conflicting results may be accommodated by a common hypothesis if, in conjunction with the loss of apparent diversity at large deployment scales, it can be shown that a scale exists below which the additional diversity is no longer behaviourally or functionally resolved by the pest organisms. This leads to an optimum scale of deployment defined by the life-cycle and dispersal characteristics of the pest.
Engineering large-scale heterogeneity
Heterogeneity can be introduced into the arable system at a larger spatial and temporal scale by the addition of semipermanent, non-cropped habitat features. Such 'ecological engineering' to enhance habitat heterogeneity is the primary mechanism of conservation biocontrol (Landis et al., 2000) . The inclusion of features such as wildflower borders, grassy buffer strips, and hedgerows are all examples of conservation biocontrol (Jonsson et al., 2008) that have beneficial effects through the provision of disturbance refuges, overwintering sites, and food resources. The potential to suppress insect pests by promoting natural enemy assemblages in this way has been extensively tested and shown to be successful. However, the complexity of the interactions between pest and natural enemy assemblages including, for example, niche complementarity, intraguild predation, and functional redundancy means that these mechanisms can also fail to enhance natural enemies in a way that achieves optimal levels of predation or pest suppression (Straub et al., 2008) . Moreover, the best way to manipulate the habitat needs to be viewed in a spatial context and at a landscape scale (Tscharntke et al., 2007) as the population dynamics of pest and natural enemies typically range across scales well beyond that of the habitat feature itself. The available evidence supports the contention arising from this, that landscapes influence pest assemblages, showing that weeds (Roschewitz et al., 2005) , microbial pathogens (Plantegenest et al., 2007) , as well as arthropods (natural enemy and pest species; Tscharntke et al., 2008) respond to broad landscape characteristics such as fragmentation and complexity.
Therefore, pest-suppressive landscapes could be designed as a part of area-wide IPM (Koul et al., 2008) and also the recently proposed 'pattern-process-design' paradigm of landscape ecology (Nassauer and Opdam, 2008) . For conservation biocontrol this represents a development of existing 'ecological engineering' strategies as exemplified by the role of 'spill-over' biocontrol effects, the use of 'green corridor' features to link fragmented landscapes, and the role of meta-population dynamics (Tscharntke et al., 2007) . Despite a growing simplification in many parts of the world, farming landscapes of Europe have retained a degree of complexity. Where crop rotation has largely been retained, European arable landscapes remain dynamic entities of changing composition and configuration. This provides scope to manage crop diversity at the landscape scale with the objective of contributing to pest suppressive landscapes. The effectiveness of such an approach depends essentially on the heterogeneity experienced by pests across the crop types. Crop type is a major determinant of the composition of weeds communities (Fried and Norton, 2008) and arthropod and microbial pests where a degree of host specificity is common, and scope to manipulate this further exists through spatial deployment of pesticides and pest-resistant genotypes, the potential of which has recently been demonstrated (Hutchison et al., 2010) . Experimental approaches are difficult to implement at the landscape scale and so modelling approaches take on particular importance in unravelling the spatial and temporal dynamics of pest systems (Jongejans et al., 2008; Ostfeld et al., 2005) . For example, using a meta-community model it has been possible to demonstrate potential mechanisms by which crop heterogeneity can regulate weed abundance while still promoting diversity and that cropping patterns can, in principle, be managed to harness this effect (Begg et al., 2010) .
The heterogeneity of arable systems affects populations and habitats across multiple scales and adds considerable complexity to the functioning of interacting pest-plant systems and pest regulation. Acknowledging that the ecology of a pest is not restricted to an individual field but is played out across a broad landscape requires this heterogeneity to be accommodated in the design of a single pest-suppressive landscape. However, the challenge does not stop there, sustainable agricultural systems demand landscapes that accommodate trade-offs between all relevant ecosystem services and not just pest regulation (Rodríguez et al., 2006) . Can complement the use of pest-resistant cultivars, which also facilitate reduced pesticide use (e.g. Bt expressing GM cotton).
Need to develop biocontrol and breed for pestresistant crops in parallel, to be more cost-and time-effective. Augmentative and early release of biocontrol agents. Use of floral rewards (e.g. specific wild flower mix strips) to enhance biocontrol within the crop. Pest-resistant cultivars Can select for virulent pest biotypes, reducing sustainability. Normally only controls one target pest type. Long-term strategy (10+ years).
Complements biocontrol. Helps to reduce pesticide inputs.
Need to speed up plant breeding, testing and biosafety using biotechnology. Need to combine multiple types of resistance traits without causing yield penalties.
'Ecological engineering' of fields and landscapes
Loss of cropped land. Spatio-temporal complexity. Scaling-up issues (fields to farms to regions). Long-term strategy, requiring regional co-ordination and co-operation.
Complements biocontrol and area-wide IPM. Makes use of on farm and regional biodiversity to deliver ecological services (e.g. biocontrol). Regional benefits to co-operating farmers.
Needs development and validation of spatio-temporal models (scenario testing at regional scales). Improve efficacy of biocontrol using new techniques including 'attract and reward' and region specific wild flower rewards for natural enemies. Multi-disciplinary teams required to provide data requirements (e.g. entomologists, pathologists, weed ecologists, GIS experts, modellers, climate change experts, agronomists). Farmer and consumer awareness Understanding complex social, economic and environmental interactions. Acceptance of 'external costs' of farming to societies. Confusing labelling and traceability of food grown using IPM or other more sustainable systems.
Social learning and grower education programmes, including public demonstration events on-farm. Using appropriate resource economics techniques, growers' variable costs for energy, pesticides and labour can be reduced using IPM.
Ways to engage farmers at the start of IPM research programmes, when defining problems and solutions. Demonstration of significantly reduced pest damage from IPM under different conditions, alongside increased crop yields, quality and grower profits. User-friendly communication of long-term eco-service values to consumers and policy-makers.
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Research priorities for optimizing IPM: multi-disciplinary teams and applied outcomes For IPM to succeed in the UK, EU, and globally for major and minor crops, as it has done in many other countries globally (Landis et al., 2000; Pretty, 2005) , a holistic, systems-based approach is needed that makes use of potential synergies between entomologists, pathologists, chemical ecologists, plant ecologists, phytochemists, plant geneticists, plant breeders, biotechnologists, agronomists, and mathematical modellers. This is a medium to long-term approach (Heinrichs et al., 2009) , particularly when based on a foundation of durable pest and disease resistance in new crop cultivars. As explained previously, several crop protection strategies are now at a strategic 'tipping point' where pest biotypes are winning the co-evolutionary battles against current protection measures, exemplified by pests with greater ability to overcome both pesticides and R genes. To protect the long-term investment in plant breeding, biopesticide development, and IPM these strategies need to be integrated at the research level, then driven through to applied outcomes with commercial partners. This will also require a shift in research effort from fundamental to applied aspects, with concomitant career rewards for scientists who move away from research driven by questions outside the ecological context and from publishing in high impact fundamental science journals. For optimal effectiveness and progress, fundamental and applied researchers need to work closely together across multiple disciplines, then design IPM products and strategies that are simple and affordable enough for farmers. Onfarm research with participating growers is the most convincing way to demonstrate that IPM really works at a local or regional level.
Can IPM researchers respond in the short term too, to address pesticide gaps? Strategic assessment (pesticide 'gap analysis') of key pest/crop combinations most likely to be at highest risk under EU pesticide reduction legislation is urgently needed. The research focus (see Table 1 ) should now be on components of the expanded IPM toolbox that can be delivered to the farming industry within the next five years. These IPM tools will include precision monitoring tools for pest and diseases (now referred to as 'IPDM', when disease control is integrated), targeted spray technologies, and enhanced biocontrol of key pests using the augmentation of endemic natural enemies and forecasting tools based on multi-trophic models. In addition, understanding the spatial and temporal factors affecting food webs in agro-ecosystems (e.g. the EU PURE IPM project, involving SCRI and several other centres of expertise in the EU) will greatly help to develop more sustainable crop protection strategies using the latest technologies for introgression of combined pest and resistance traits (Birch and Wheatley, 2005; Birch and Begg, 2010) . Consumer attitudes to sustainable production and to IPM are changing around the world, most notably for higher value products and food like wine and fresh fruit where pesticide residue issues are most sensitive. Current research shows the importance of traceability and clear labelling for consumers to support the higher prices of sustainably-produced premium products, This is particularly the case in 'green image' countries like New Zealand where the demand for production using ecological strategies is growing (Forbes et al., 2009) . Marketing strategies used by supermarkets now often incorporate the promotion of 'zero pesticide residues' or the use of 'fewer pesticide types' in crop protection, rather than 'pesticide-free' or 'produced with less pesticides'. Valuing key eco-services (ES) for agriculture, including biocontrol, pollination, and soil health and then conveying these ES values to consumers and policy-makers in an understandable form (Lawton, 1994; Costanza et al., 1997; Landis et al., 2000; Pilgrim et al., 2010) remains an important challenge. However, this is a key process that will further assist the uptake of IPM research into agricultural practice.
